wall of the cochlea and over the spiral lamina. Current-source densities were highest tiithin 100 pm of the organ of ('orti.
Since its discovery in 1930 by Wever and Bray (193Oa, b) . the cochlear microphonic (CM) has provided an easily observable indication of the modulation of electrical currents in the cochlea. It has been shown to reverse in phase at the plane of the reticular iamina (Tasaki et al.. 1954) . and it is now generally considered to arise from the organ of Corti due to changes in resistivity at the apical ends of the hair cells.
The concept of mechanically induced modulation of resistance at the hair cell. proposed by Davis (1957 Davis ( , 1965 . has been expanded with knowledge of cochlear electr~~anatomy (Strelioff. 1973; Honrubia et al.. 19763: Manley. 197X: Brownell. 1982 ). At present. an electrical description of the cochlea would include impedance and current-source elements. The current sources are metabolically driven by membrane transport in the stria vascularis (SV) and hair cells of the organ of Corti (Melichar and Syka. 1987) . Positive endocochlear potential drives current which is modulated at the hair cells as the stereocilia are bent I___-< ; trrt'.s~illlfif.lri.C, 10 : P. Garcia. Kresge Hearing Research institute, I ntversity of Michigan. 1301 East Ann. Ann Arbor. MI 4x10'9. U.S.A. and the effective resistance to ionic flow varies (Hudspeth and Corey, 1977) . the ionic current probably being carried by potassium ions (Konishi and Salt, 1980) . Evidence supporting the hair cells as current mndulators as well as the presence ol ionic current has been both indirect and direct.
The scala media is lined by cella with tight junctions (Jahnke. 1975; Iurato et al.. 1976 ) and high resistances exist across the chambers of the cochlea (Sitko. 1974) . The resistances change with sound stimulation (Strelioff et al.. 1972) . When the stereociliary bundle is forced toward the taller stereocilia, membrane conductance increases for positively charged ions (Hudspeth and Corey. 1977) . Experiments with frog sacculus bv <'ore\ and Hudspeth (1979) and isolated vestibular hair cells of chick by Ohmori (1985) suggest that these ionic pores are approximately 0.7 nm in diameter and readily pass potassium as well as other ion.\, with preference given to cations. Exposure of the cochlea to kanamycin is selectivelv toxic to outer hair cells leaving inner hair cells ielatively intact as evaluated by light microscope. Dallas (1973a) found that the CM dropped to about 3% of normal after kanamycin treatment, suggesting that outer hair cells contribute most of the recordable microphonic and thus most of the modulation of ionic current. Other than the modulation site at the hair cells and the presumed path through the SV. the magnitudes and paths taken by these currents are uncertain. Direct evidence suggesting the presence of modulated ionic currents has been recently described (Hudspeth, 1982; Brownell et al., 1983; Zidanic and Brownell, 1986) . Hudspeth spatially mapped potentials around isolated hair cells and found maximal response at the apex of the hair bundle, suggesting that ionic flow occurs through the distal tips of the stereocilia. On a larger scale, Brownell et al. (1983) measured acoustically evoked radial current gradients in the third turn of the guinea pig cochlea. Using condensation and rarefaction clicks, he found the radial component to be greatest under the organ of Corti with positive ionic current moving toward and away from the modiolus depending on the polarity of the stimulus.
We investigated radial voltage gradients in a two-dimensional matrix near the basilar membrane (BM) in the first turn of the guinea pig cochlea using tone-burst stimulation. This report describes the techniques used, including their advantages and limitations, as well as examples of current-flow and current-source densities derived from our observations.
Materials and Methods

Theoretical considerations
The data consisted of voltage-difference samples,
which occurred between points 20 pm apart along the radial dimension of the basal Scala tympani taken medial to lateral. This dimension, .xr, is a line passing roughly parallel to the BM and bony spiral lamina from the modiolus toward the spiral ligament laterally. The axial and longitudinal dimensions, perpendicular to the BM and parallel to the BM along the direction of the Scala tympani, respectively, can be considered orthogonal to the radial dimension on the small scale considered here. Gradients in the axial and longitudinal dimensions were not measured. The voltage differences provide estimates of the radial component of the field gradient and thereby the radial current density: under the assumptions that the conductivity K(,\ ) of the perilymph is homogeneous and isotropic. Radial current density as a function of location. J( _yr ). is related to the product of conductivity at that point, R(X), and the negative of the gradient of the potential field along the axis of measurement, -SL~(X)/~X,.
The gradient is estimated by the difference operator Jc(x,) = [ r'( I + I) --(>(i)]/h, where h = 20 pm is the spatial sampling increment.
This should not be confused with the finite-difference equation used for single-ended samples.
The value for the conductivity of perilymph has been estimated to be near that of isotonic saline, 1.42 mS/mm (Misrahy et al., 1958) . In agreement with Brownell et al. (1983) , we generally report potential field gradients in preference to current densities because of the uncertainty associated with the exact value of the conductivity of perilymph. Estimates of current densities given here use the conductivity cited.
Prepurution
A total of 45 pigmented guinea pigs weighing 220-350 g were used for these observations. They were initially anesthetized with ketamine hydrochloride (Vetalar, 100 mg/kg) and xylazine (Rompun, 5 mg/kg) delivered intramuscularly and supplemented regularly to maintain anesthesia. A tracheotomy was performed, and the skull was fixed to a rigid bar with stainless steel screws afixed to the dorsal cranium with dental acrylic to obtain a high degree of stability. A postauricular incision was made and the bulla was opened by shaving the bone with scalpels to minimize acoustic trauma. In most animals the stapedius muscle was cut. The animal was placed on a DC-powered heating pad which maintained core body temperature at 37.5' C using feedback from a rectal temperature probe. An additional heating lamp was positioned over the open bulla, and a thermistor probe was placed adjacent to the bulla. The distance of the heating lamp was adjusted to maintain the bulla temperature at 37-38 o C. When the electrode was to be placed, the round window was incised and partially removed in order to provide access to the Scala tympani. The base of the cochlea was chosen because of accessibility, relatively large dimensions, and phase considerations to be described in the Discussion section. A silver wire was placed in the neck muscles and acted as the voltage reference for all experiments. From the opening of the cochlea, data collection was generally restricted to 2 h in order to minimize physiological deterioration (Kelly and Khanna. 1984) .
Stimuli
The stimuli presented were tone bursts having frequencies ranging from 300 to 6000 Hz. They were gated at the same starting phase across presentations.
Their rise-fall times were 2 ms, and duration was 40 ms. The interstimulus interval was 140 ms. Presentation was through a Beyer DT-4X earspeaker coupled in a damped. closed system to the external canal after excision of the pinna. The unattenuated peak output of the system was 122 dB SPL. Most stimuli were presented at 50-40 dB attenuation from maximum. Calibration was accomplished through a computer-automated procedure using a 3/8 inch Brtiel and Kjaer condenser microphone sampling the sound field near the tympanic membrane through a calibrated probe tube. The amplitude response varied less than 5 dB to 6 kHz.
Two types of recording electrodes were used in the experiments.
Glass micropipettes were pulled. filled with 3 M NaCl and beveled to produce tip impedances of 1-5 MQ. These were used with the first half of the preparations during the development of the experimental technique. These gave reliable DC information which could be used to determine if penetration of the BM had occurred. thus helping to reference the two-dimensional matrix in Scala tympani.
Their disadvantage was a high common-mode signal between adjacent single-ended samples which compromised the estimation of small gradients.
The data reported here were obtained using differential recording with pairs of teflon-coated, platinum-iridium wires (I-mil Medwire). Two pieces of this wire, which had an uncoated diameter of approximately 25 pm, were fed through a flame-pulled micropipette with its tip broken to produce a 50-100 pm inside diameter. The wires were sealed in place, cut to the same length with a sharp scalpel, and their geometry characterized under a light microscope. Electrodes were selected so that the center-to-center spacing of the cut ends was 50 pm with an overall tip dimension of 100 by 50 pm. This electrode pair was coupled to a high-input-impedance, differential preamplifier and subsequently amplified 5000 x with a bandwidth of 20-25000
Hz. The preamplifier was designed and built in-house so as to have very small bias currents required for metal electrodes.
The analog signal was converted over 1024 sample points with a 12-bit A/D conversion at 25 kHz. Averages of 25 to 100 responses were taken for each voltage sample point in the matrix. After averaging, little high-frequency energy was present in the waveforms minimizing aliasing. Sampling, storage and subsequent calculations were performed with a Nicolet Med-80 computer.
The electrodes were moved in a plane determined by the radial and axial dimensions of the cochlea and sampled a planar point matrix roughly perpendicular to the BM. In this matrix, oriented as shown in Fig. 1 , the axis of the electrode array coincided with the axial dimension.
The potential of the lateral electrode is referred to the medial.
Axial and radial movements were performed by two hydraulic micromanipulators (Trent-Wells) mounted orthogonally. Axial and radial movements, always unidirectional to minimize error due to hysteresis. had an accuracy of 2 pm. The reversal of hysteresis along these axes was approximately 20 pm. Radial sampling was performed every 20 pm and axial sampling at 25-150 pm depending on the estimated distance from the BM and spiral lamina. The potentials were recorded for a radial series (generally medial to lateral). then the electrode was advanced axially. and another radial series was recorded. When the electrode was to be advanced axially. it was positioned radially over the BM so that if contact with tissue was made during advancement.
it would occur at the BM which would facilitate histological reference positioning.
A single-ended CM potential recorded at the beginning of each radial series was repeated at the end of each series in order to determine if time varying factors were present. Changes of more than 5% eliminated data from that series.
Using a fixed electrode near the round window. This was repeated until the BM was penetrated.
SV, Scala vestibuli; ST. scala tympani.
acoustically evoked eighth-nerve potentials to rarefaction clicks of 100 ps duration were measured in some animals to determine if thresholds would change upon opening the round window. Thresholds for nerve and CM, monitored routinely before and after sampling, varied by Iess than 3 dB over the 120 min required to collect the data that are reported here. Nerve thresholds were less than 40 dB SPL peak. The CM and eighth-nerve response thresholds were determined by the visual inspection of a waveform averaged over stimulus presentations.
Data were usually obtained at lo-20 dB above threshold where the response was discernible on a single trace of the oscilloscope.
There was some variation in orientation of the matrix from animal to animal. The aim was to maintain radial movement parallel to the basilar membrane.
The success of this approach was evaluated by withdrawing the electrode after penetration, moving medially or laterally a fixed distance (50~-100 pm), and advancing and wutching for DC shift (glass electrodes) or other voltage ~uctuations to indicate contact. The difference in the penetration depth, after correction for hystrrrsis, gave an estimate of the angle of the matrix to the membrane as suggested in Fig. 2 . Upon penetration of the BM the electrode was removed, the animal overdosed with anesthetic. and the cochlea fixed in 25% glutaraldehyde by perfusing through the round window after removal of the stapes footplate. The temporal bone was removed postmortem, the cochlea skeletonized. and the BM prepared as a surface preparation.
This prepatation revealed the location of the BM penetr~ltioi~ which was then referenced to the sampling matrix supporting the visual placement of the electrode. The inclination of the matrix relative to the radial axis of the BM was less than 10" for all glass electrode trials, but the technique was somewhat unreliable with metal electrodes because of the lack of DC information.
Estimates that were obtained from voltage disturbances that were ohserved agreed with those from the pipette experiments.
A fast-Fourier transform (FFT) of each radial dorm \ Fig. 2 . Illustration demonstrating the technique used to verify matrix position relative to the organ of Corti (OC). After penetration of the OC with change in the DC potential (glass electrodes only) the electrode was withdrawn, moved radially 50 to 100 pm, and readvanced.
By noting the position of the electrode, B was determined.
It was calculated to be less than 10 * for ail successful experiments.
v~~lt~l~e-~radi~nt average provided Inagnitude and phase for each spatial sample. The stimulus frequency was chosen to lie at an integer bin value itI the FFT in order to optimize the sampling efficiency. These values provided the basis for the descriptions to follow-. We observed phase shifts in single-ended CM records for a number of freyuenties in order to obtain phase corrections to estimate the correspondence between CM polarit!, and rarefaction or condensation.
Phases taken relative to the electrical waveform driving the headphone were corrected from such estimates.
The estimation of field gradients from singleended samples along a spatial dimension normally utilizes spatial smoothing and the application of a finite-difference equation (Brownell et al.. 19X3) . Differential recording obviated the second. Spatial sln(~othin~ is used for some of the data to he described.
Current-source densities (Nicholson and Freeman, 1975) were obtained by numerical differentiation of a radial series of experimental values. This function. the second spatial derivative of the field along the line of sampling. reflects field divergence.
i.e., current entering or leaving the radial dimension of sampling in this case. In a homogeneous medium, this function is maximal nearest current sources and sinks.
Results
In the results to be described, we have chosen to focus on the details of data from two animals where the differential metal electrodes were used in order to contrast analysis and display procedures and to show variability. The completeness of the sampling passes near the BM was especially high. and we attach a high confidence to the viabilit), of the preparations, estimation of electrode placement relative to the BM, and repres~ntativeness of these data. Fig. 3 is an example of a differential recording in scala tympani for a 512 Hz tone burst. The response closely resembles the stimulus waveform and is relatively noise-free after averaging over 50 stimulus presentations. The eighth-nerve compound-action potential. ~~lthough visible at higher amplifications.
is not detectable in the response shown because of trace reduction. The short time delay of the evoked response. 0.8 ms, is indicative of generation in the basal turn and includes mechanical, acoustic, and cochlear components. Phase shifts at different frequencies arose partially from reactive components of the acoustic system and therefore were dependent on frequency and not predictable from a single delay estimate. Radial current. e.g.. movement of cations. is indicated to flow medially during pressure ~~~nd~ns~~ti~~jls anti laterally during pressure rarefactions at the tympanic membrane.
We did not observe consistent phase reversals in any of our recordings. either single-ended or differential.
over the radial extent of sampling. The phase ~onlponent of the FFT. referenced to the voltage waveform driving the headphone. varied less than 5" for most radial series nearest the BM.
Figs. 4 and 5 illustrate the field-magnitude values for five radial series taken in an approach to the RM in one animal using two stimulation frequencies. The example in Fig. 4 shows one of the more localized peaks observed in radial current Fig. 4 . The magnitude of the field gradient for five radial sequences taken at 20 pm steps. The stimulus frequency was 3002 delivered at 82 dB SPL. The approximated distances from the membrane were 25 pm (no symbol). 50 urn (0). 100 urn (*). 200 pm (+), and 300 urn (X). The sequence taken closest to the BM indicates the presence of especially sharply localized radial current densities. For data analysis, the values for the most distant sequence from BM were taken as reference.
density with stimulation frequency at 3 kHz. This figure also indicates currents especially localized near the BM. It is apparent that closeness to the BM and spiral lamina was required to observe significant radial densities in this case, generally within 100 pm by our estimation.
The most distant radial series, invariably lacking large spatial variation, was used as a reference in these illustrations. For some preparations a residual floor on the magnitude at significant distances from putative current sources suggested constant contributions to the recording.
Possible sources of this floor will be discussed, but the distant reference excluded it from the data reported here. Fig. 5 illustrates field magnitudes for a stimulation frequency of 512 Hz taken at the same sample points as in Fig. 4 . The two nearest passes show a minimum in the region of the BM with larger values medially and especially laterally. The maximal values are slightly less than those seen for the higher stimulation frequency, but they were larger at 50 pm.
The values of Figs. 4 and 5 have the units of pV/mm. They can be converted to current density having units of pA/rnm' with the multiplier 1.42 mS/mm as discussed previously. In this example the maximum current density estimate would be 1.8 pA/mm2 for the peak in Fig. 4 , one of the higher densities obtained. Numerical differentiation of the nearest passes in Figs. 4 and 5 is shown in Fig. 6 . Positivity in this graph agrees with current contribution to flow in the radial dimension, and negativity indicates radial current loss. As explained in the caption, corrections must be made for differences in phase shift between the two stimulation frequencies. As shown, the curve for the lower frequency corresponds to a condensation phase, and the curve for the higher frequency to a rarefaction phase. This shift relative to the driving voltage at the headphone was due to a resonance near 3 kHz which produced a nonlinear phase change as a function Positivity suggests current entering the radial axis. After phase correction for travel time to the place of recording for the different stimulus frequencies, the low-frequency data corresponds to condensation at the tympanic membrane and the high-frequency data to rarefaction. Three-point spatial smoothing (0.25. 0.5.0.25) was used. of frequency.
After phase correction. these estimates of current-source density indicate current gain laterally and loss medially of radial current during the ~o~~d~~sat~on phase with reversal during rarefaction. This pattern suggests a source-sink pair at about 200-285 and 285-350 pm in the sampiing sequence. The extent of the BM in this experiment was estimated at 285-330 pm, Assuming that longitudinal currents did not contribute to the observed localized current densities, the alternating source-sink pair can be associated with the BM and adjacent bony spiral lamina in this instance.
Linear interpolation between values of the differential data was used to construct contour plots for radial ~Llrrent-density vectors. Figs. 7-9 illustrate contours for some radial current-density magnitudes.
The gradient contour lines are superimposed on a cross section of the cochlea drawn from experimental material. Error in the superimposition is estimated to be 30-50 pm, dependent upon reference positioning as well as small variations in electrode placement.
In Fig. 8 . for a tone burst at 512 Hz. the greatest radial currents occur in two areas; media1 to and at the lateral edge of the organ of Corti. In contrast. as shown in Fig. 7 , the higher frequency tone burst evoked the greatest radiaI current den- sity under the basilar membrane with a significant component laterally.
The measurements for the two frequencies were made at the same electrode position in the matrix eliminating placement error as an explanation for the difference in current gradients for the two frequencies.
The estimated current contours were variable enough to make conclusions about the effects of frequency uncertain from our samples. For example, Fig. 9 demonstrates the radial contour for a different animal recorded using a stimulus frequency of 512 Hz. Although the conditions were comparable to those in Fig. 8 , a somewhat different contour pattern was seen. Note the presence of significant diffuse radial der the organ of Corti including medially. current flow unthe spiral lamina 
Discussion
These observations extend those of Brownell et al. (1983) to the basal turn of the cochlea. In addition, they provide measurements of radial current densities for axial displacements from the BM and spiral lamina, and sinusoids were used as stimuli instead of clicks. The magnitude of the radial current densities are of the same order as observed previously, but it was observed that the highest densities lie within approximately 100 pm of the plane of the BM and spiral lamina. Current-source density estimates for highly restricted, unidirectional fields support the existence of source-sink pairs in the vicinity of the BM. Since we did not monitor and metal electrodes are not suited for sampling DC potentials.
no standing gradients were noted in the absence of acoustical stimulation, so our data provide no evidence about the presence or absence of a current in the absence of stimulation (Brownell, 1982; Zidanic and Brownell, 1986) .
Technical and theoretical considerations must qualify the interpretation of these data. The possibility of field distortion caused by the presence of the electrode cannot be ignored for a current source at the site approached by the electrode. The restriction of axial field gradients between the BM or spiral lamina and the plane of the electrode array of less than 100 pm is likely in this case. The primary effect for a nonconductive array surface would be an increase in the observed radial gradients due to the concentration of field lines. Secondarily, since part of the array surface was conductive, capacitive coupling to the metal of the electrode wires with their high conductivity would have its greatest effect at higher frequencies.
The second effect appears minimal at the stimulus frequencies used and with the small gradients that exist across the diameter of a 25 pm wire. In summary. while field distortion was likely, its influence was probably an increase in the observed gradient magnitudes very near the tissue surface at points of significant axial current densities.
A second consideration is the contribution to the recordings of signals not directly linked to radial field gradients.
The small, constant gradients measured far from the BM, mentioned earIier. possibly incorporate such components. These were not due to electromagnetic pickup because they disappeared when. as a control, the sound path was blocked. Longitudinal current densities may have contributed to them if the axis of the electrode array was not perfectly radial. a possibility that we cannot exclude. Other possible contrihutars to baseline values include residual noise or aliasing in the FFT and poor common-mode rejection. but the considerations discussed argue against these. We corrected all data shown here for these factors by vectorial subtraction of the values nbtained in the farthest radial sequence where no indication of radial current densities was evident. The current-source density analysis is. of course, unaffected by residual gradients due to its determination from differential and nc)t absolute values of the field gradient.
A third issue is whether disturbing the round window affects the recorded potentials.
Evidence from several previous investigators (Btkesy, 1960a; Johnstone and Boyle, 1967 : Johnstone. 1969 : Kohloffel, 1971 indicates that opening the round window and basal turn has a negligible effect. A recent study (Kelly and Khanna. 1984 ) indicated that histologically, damage was found in the apex and base resembling acoustic trauma. This progressed over time. and became obvious at 16 h in the cat, with vacuole formation in the afferent nerve and supporting cells. In our experiments. eighth-nerve compound-action-potential thresholds changed less than 3 dB after opening of the round window. With the above considerations in mind, the duration of the experiments after opening the round window was minimized. generally lasting 2 h and never exceeding four.
It has been accepted that the inner and outer hair cells are the likely determinants of the CM, and that voltages in the vicinity of the BM represent the sum of a large number of these field generators (Whitfield and Ross, 1965) . For a given longitudinal segment of membrane, the amount of phase change per distance is much greater for high frequencies than for low, so that for low frequencies, the CM better represents the individual receptor output (Dallos, 1973b In order to avoid these phase cancellations, it is necessary to record at ;I point proximal to the travelling wave peak. It has hcen pointed out (Honrubia et al., 197hb ) that round window measurements will generally record potentials from the basal turn of the cochlea. and that because of the phase cancellations mentioned, the CM will be greatly attenuated at frequencies above X-10 kHz. Because of these reasons. it was decided to record in the basal turn through the round window.
The radial c~~r~lponcnt of the acoustically evoked potential gradient observed was in one direction for a given stimulus phase indicating that ionic current flow propagates in one direction along the radial line of sampling for a given half cycle of a sinusoidal stimulus. Our use of frequencies which were low relative to tuning at the site of recording wax intended to minimize phase cancellation cffects and the possibility of longitudinal currents which iocal longitudinal phase differences would promote. The recording point was located 0.X--1.2 mm from the stapes. c~~rrcspoIlding to a freyuenc~ of 2(1-SO kHz m the Greenwood (1961) Gl function. ,411 stimuli were 2.5 to 3 octaves below these frequencies.
Through the use of condensation and rarefaction clicks, Brownell et al. (1983) noted the presence of ionic current either toward or away from the modiolus. respectively. which is in agreement with our data. This suggests that the alternating source and sink of the receptor cells modulates these currents which propagate both medially and laterally. Our data do not support a simple altrrrutting dipole since significant lateral and medial current vectors were often seen. These suggest maximal radial currents rnedi~~ll~ over the spiral lamina and near the spiral ligament laterally under some conditions and restricted current loops near the BM in other cases, e.g., between the highand low-frequency conditions of Figs. 4 and 5. Time and spatially varying current patterns are thus indicated. fn order to resolve these patterns, it will be necessary to construct a temporal sequence of spatially defined current vectors over the period of a sinusoid. In addition, stimulus parameters such as frequency and intensity ma\i affect the current patterns, especially in the light of intracellui~~r hair cell recordings which confirm rectificati~~n and the filtering of lli~h-frc4llei~c~ waveforms (Russell and Sellick. 197X) .
Our data support the previous data of Browneil et al. f 1983) and their relat;~3nship to kinetic studits (Hudspeth, 1982) which have measured gradient potentials of the order of 0.1 -7 mV,~rnm. These gradients indicate currents whose magnitudes we observed to decrease with distance from the plane of the spiral lamina and BM. Significant lateraIly directed currents medial and fatcral to the BM for different stimulus frequencies suggest more complex current patterns than a simple dipole would imply.
Summary
(I ) Radial components of acoustically evoked potentials were found to exist throughout the scala tympani with the greatest gradients occurring near the organ of Corti and smaller gradients near surfllces both medial and lateral to it. (2) No phase reversal was noted in the gradients nor in the single-ended recordings at any point in the scala tympani of the base of the cochlea. Currents which are primarily laterally directed for rarefactions are indicated. 13) The phase of the gradients alternates over half cycies of the stimulus indicating ionic movement toward and away from the modiolus. (4) The voltage gradients and the currents they indicate arc consistent with previous studies.
